The mechanisms for the heat-induced osteogenesis are not completely known and the thermal regulation of human mesenchymal stem cell (hMSC) differentiation is not well studied. In this study, the direct effects of mild heat shock (HS) on the differentiation of hMSCs into osteoblasts in self-assembling peptide hydrogel and on tissue culture plates were investigated. hMSCs isolated from human bone marrow were seeded in conventional culture plates (two-dimensional [2D] culture) and on the surface of three-dimensional (3D) PuraMatrix peptide hydrogel (3D culture), followed by 1 h HS at 41°C once a week during osteogenic differentiation. Alkaline phosphatase (ALP) activity was enhanced in both 2D and 3D cultures via periodic HS at early stage of differentiation; meanwhile, HS significantly increased the calcium deposition at day 19 and 27 of differentiation in both 2D and 3D cultures. The periodic HS also upregulated osteo-specific genes, osterix (OSX) on day 11, osteopontin (OP) on day 19, and bone morphogenetic protein 2 (BMP2) on day 25 in 2D culture. In 3D PuraMatrix culture, the runt-related transcription factor 2 (Runx2) was upregulated by HS on day 25 of differentiation. The heat shock protein 70 (HSP70) was significantly upregulated by HS in differentiated hMSCs analyzed at 24 h after HS. These results demonstrate that HS induced an earlier differentiation of hMSCs and enhanced the maturation of osteoblasts differentiated from hMSCs. Therefore, mild HS treatment may be potentially used to enhance the bone regeneration using hMSCs. Our data will guide the design of in vivo heating protocols and enable further investigations in thermal treatments of MSC osteogenesis for bone tissue engineering.
Introduction

I
n United States alone, osteoarthritis (OA) affects about 70 million people and over 65 billion dollars are spent each year to treat the disease and related conditions. 1 In clinical therapy for bone diseases, bone graft is often used to fill bone defects and promote bone regeneration. An autograft represents the current gold standard of bone graft; however, it is associated with problems, such as limited number of donors and donor-site trauma and morbidity. 2 Allograft is used as an alternative, but also has inherent risks, including disease transmission, and altered biomechanical strength. 3 Ceramic artificial bones can offer good strength, but they cannot provide an adequate environment for cell penetration and settlement deeply inside of the bone defects. 4 In addition, the drawback of both is a lack of physiological remodeling that must take place over postsurgical years. 5 Therefore, for functional bone tissue engineering, cells seeded with bioengineered scaffolds that are biodegradable, biocompatible, osteoconductive, and osteogenic are being investigated. [6] [7] [8] [9] [10] Human mesenchymal stem cells (hMSCs) have the potential to differentiate into a variety of cell types, including osteoblasts, chondrocytes, and adipocytes, and they can also express key markers of endothelial cells and cardiomyocytes. 2, 11 Intensive studies have been done on influences of growth factors, 12 cytokines, 13 or mechanical loading 14 on MSC differentiation into osteoblasts. However, the osteoblasts differentiated from MSCs are still not as functionally mature as primary adult cells. Further maturation and optimization of differentiation is needed. Temperature has an important impact on bone growth in vivo. It may be one of the missing factors in the regulation of the MSC differentiation.
Local diathermy can promote the bone repair after injury in vivo. Local hyperthermia (38°C-41°C) treatment induced the new bone formation in rats following mechanical expansion at the sagittal suture. 15 Hyperthermia is used as a thermotherapy for musculoskeletal diseases. It improves blood supply and, therefore, may influence bone metabolism and accelerate local bone formation. 16 Microwave heating on the joints of animal OA models inhibited the progress of cartilage damage. 17 The localized heat that applied to articular joints likely involves the direct heating of chondrocytes, osteoblasts, and osteoprogenitor cells. Early studies have indicated that heat (1.5°C-3°C above regular body temperature) stimulates bone growth and embryonic development of the animals. 18, 19 In addition, local temperature rise at the bone fracture site was observed to be closely related with new bone formation. 20 However, very few studies have been conducted to investigate thermal effects on bone marrow stem cell differentiation into osteoblasts, and their results in terms of alkaline phosphatase (ALP) activities and calcium deposition varied from time to time during differentiation. 21 In another study, conditioned media from heat shock-treated human fetal osteoblast cells were able to promote the osteogenesis of rabbit MSCs. 22 Most of the previous studies focused on the effects on cell lines, such as the telomeraseimmortalized hMSC line (hMSC-TERT) 23 or osteosarcomaderived cell lines. 24 All the previous studies were performed using two-dimensional (2D) culture configurations. The exact mechanism of thermal-induced bone growth is unclear. Whether thermal regulation plays a role in adult stem cell differentiation is also not well studied, especially in a threedimensional (3D) culture environment.
In this study of hMSC osteogenesis under the thermal stimulation, synthetic peptide hydrogel, 0.25% PuraMatrix with storage modulus of 2.5 kPa 25 at 0.5%, and conventional 2D tissue culture plates with Young's modulus of 3.5 GPa 26 were chosen as 3D culture matrix and 2D culture substrates, respectively. These two substrates would better mimic the mechanical environment that bone marrow MSCs experience in vivo while they migrate from the bone marrow niche (storage modulus of 0.2 kPa 27 ) and differentiate into osteoblasts for bone (Young's modulus of 9 GPa 26 ) repair. The peptide of PuraMatrix consists of a 16-amino acid sequence (RAD16-I, AcN-RADARADARADARADA-CONH 2 ) and can self-assemble in the presence of cations in physiological solutions to form a 3D interweaving nanofiber scaffold containing over 99% of water. 28 The fiber diameter and pore sizes in the hydrogel are about 10 nm and 50-200 nm, respectively. PuraMatrix promotes cell attachment and migration across a number of cell types. 29, 30 Cellular phenotypes have been studied in PuraMatrix culture using hepatocytes, 31, 32 chondrocytes, 33 osteoblasts, 34 and MSCs. 35, 36 In addition, the osteoconductive ability of PuraMatrix was investigated on bone regeneration in a mouse calvaria defect model. 4 It was also shown to be a potential biomaterial to fill in the bone defect through injection in vivo.
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Our preliminary study using only one heating cycle did not show significant heat shock (HS)-enhancement on osteogenesis. Therefore, periodic HS was used to have prolonged thermal effects on the MSC differentiation during 4 weeks. Considering the elevated body temperature (*39°C) during exercise 38 and knowing a common recommendation to OA patients from the Arthritis Foundation is to take a daily hot shower, once-a-week heating at 41°C was chosen in this study to provide enough heat stimulation. Osteogenesis was measured by ALP activities, quantitative calcium deposition, and gene expressions of osteogenic markers. Results of this study would validate a suitable heating protocol for MSC osteogenesis, and thus benefit further investigations of using thermal treatments for bone regeneration in vivo.
Materials and Methods
All reagents and chemicals without manufacture labels were purchased from Sigma-Aldrich (St. Louis, MO). hMSCs were isolated from human bone marrow, and then characterized by FACS analysis. Cells were seeded in 2D culture plates or 3D PuraMatrix gel, and exposed to 1 h HS at 41°C once a week during osteogenic differentiation. Cell morphology and cell-cell as well as cell-matrix interactions on the hydrogel scaffold were analyzed by scanning electron microscopy (SEM), and calcium deposits from the cells were localized by calcium X-ray spectrum. The analysis of induction of osteogenic differentiation and the extent of mineralization was also performed using quantitative ALP and calcium assays, respectively. The gene expression of the osteo-specific markers was measured by real-time polymerase chain reaction (PCR) and heat shock proteins (HSP27, HSP70, and HSP90) expression was further determined by Western blot analysis.
Isolation and culture of bone marrow hMSCs
Human bone marrow (BM) from the iliac crest of a 27-year-old donor was purchased (AllCells LLC, Berkeley, CA). Mononuclear cells were enriched and retrieved with RosetteSep MSC enrichment cocktail (StemCell Technologies, Vancouver, Canada) according to the manufacturer's instructions, and then cultured in tissue culture flasks with the MSC growth medium (MSCGM) consisting of the Dulbecco's modified Eagle's medium-low glucose, 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA) in an incubator at 37°C with 5% CO 2 . Subculture was performed at a density of 5000 cells/cm 2 . Passage 4 MSCs were used in this study.
Characterization of hMSCs by surface markers and flow cytometry
Isolated hMSCs at the concentration of 10 6 cells/mL in MSCGM were incubated with mouse anti-human antibodies (BD Biosciences, San Jose, CA). Samples were either double stained with a pair of antibodies, such as the negative control pair of IgG-phycoerythrin (PE) & IgG-fluorescein isothiocyanate (FITC), CD45-FITC&CD44-PE, CD147-FITC&CD29-PE, CD147-FITC&CD34-PE, or single stained with CD146-PE for 20 min at room temperature. The cells were analyzed on a FACSCalibur flow cytometer (BD Biosciences) with adjusted fluorescence compensation setting and processed on the same machine. Negative control samples were used to set up the thresholds of quadrant markers.
Assembling of peptide hydrogel and cell seeding
PuraMatrix (BD Biosciences) was assembled using MSCGM following the manufacturer's protocol in 24-well plates, 300 mL of 0.25% (w/v) gel per well. Cell seeding densities were 10 4 hMSCs per well for 2D culture and 4 · 10 4 hMSCs per well for 3D PuraMatrix culture using surface seeding. Osteogenic differentiation was induced with the osteogenic medium the day (day 0) after seeding and was used for control cultures. The osteogenic medium consists of MSCGM supplemented with 50 mM ascorbic acid phosphate (AsAP) (Wako Chemicals USA, Richmond, VA), 0.1 mM dexamethasone, and 10 mM b-glycerol phosphate. The medium was changed every 3-4 days.
Heat exposure
hMSCs in osteogenic (OS) cultures were exposed to mild HS periodically on day 3, 10, 17, and 24. The transient 1 h heating at 41°C was performed using a cell culture incubator precalibrated with an accuracy of -0.2°C. Choosing 41°C as the heating temperature was based on a previous study that repeated 1-h exposure to 41°C once every 3 days generated highest ALP activities and calcium deposition in hMSC 2D culture compared to 39°C or 42.5°C. 21 The medium was changed after heating and the cells were back to the 37°C incubator. The control samples stayed in the 37°C incubator while the medium was changed at the same time as the heat shocked samples.
Differentiation and visualization of minerals
The morphology changes of hMSCs in different culture conditions were observed by phase microscopy using a Zeiss Axio Observer Z1 Inverted microscope. Von Kossa staining was used to visualize mineralization on day 24. 39 Briefly, hMSCs were rinsed with the Tyrode's balanced salt solution, fixed with 10% buffered formalin (Fisher Scientific, Pittsburgh, PA) for 30 min, incubated with 2% silver nitrate solution for 10 min in the dark, rinsed with ddH 2 O, and exposed to light for 15 min. Bright-field images of stained samples were captured with a Zeiss Axiovert 40 CFL inverted microscope.
Surface morphology of 3D culture and calcium localization
To study the detailed surface morphology of hMSCs on PuraMatrix, SEM was used. Lab-Tek chambered coverglass (Thermo Fisher, Rochester, NY) was used to culture hMSCs (4 · 10 4 cells/well) on 0.25% PuraMatrix for SEM analysis. On day 26, samples were fixed in 4% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) overnight at 4°C, followed by ethanol dehydration, and critical point drying. Samples were then sputter-coated with 10 nm of goldpalladium or carbon coated with a carbon thread evaporator. The gold-coated samples were examined under Supra 55 VP (Carl Zeiss MicroImaging, Thornwood, NY) using the in-lens detector at 5 kV to collect secondary electron (SE) images. 40 The carbon-coated samples were analyzed by energy dispersive X-ray spectrometry (EDS) at 15 kV using the Apollo 40 EDAX detector to generate calcium X-ray spectrum.
Quantitative ALP assay
Samples were lysed with 300 mL of ALP lysis buffer, 0.5% Triton X-100 (Bio-Rad Laboratories, Hercules, CA), on day 6 and 12 during differentiation. The hydrogel samples were homogenized with pipetting and sonicated for 10 min. The samples were vortexed and incubated with an alkaline buffer solution and a phosphatase substrate solution at 37°C for 15 min. 41 The ALP activity in nmol/min was calculated by comparing samples' absorbance of p-nitrophenol product at 405 nm with that of p-nitrophenol standards using the SpectraMax M2e microplate reader (Molecular Devices, Silicon Valley, CA). The statistical comparison was drawn between heat shocked and nonheat shocked osteogenic samples.
Calcium quantification
Samples for calcium deposition assay were collected on day 19 and 27 during differentiation using 0.5 N HCl. Calcium was extracted from the cells by shaking the samples on an orbital shaker for 4 h at 4°C, followed by centrifugation at 500 g for 2 min. The supernatant was collected for calcium determination according to instructions provided in the Calcium Liquicolor kit (Stanbio Laboratory, Boerne, TX). Absorbance was read at 550 nm. The total calcium amount in mg/well was calculated by comparing to the standard curve.
Gene expression measured by real-time reverse transcription-polymerase chain reaction
Total RNA was extracted from hMSC samples on day 11, 19, and 25 during osteogenesis using the TRIzol Reagent (Invitrogen) and the RNeasy Mini kit (Qiagen, Valencia, CA) following the manufacturer's instructions, and used to synthesize cDNA with the Cells-to-cDNA II kit (Ambion, Austin, TX), followed by real-time PCR analysis in ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA). Table 1 includes reverse transcription (RT)-PCR primers of osteogenic genes, the bone morphogenetic protein 2 (BMP2), osteopontin (OP), the runt-related transcription 
HSP detection by Western blot and ELISA
Samples were lysed at 24 h after HS on day 4, 11, 18, and 25 during differentiation. Cells in PuraMatrix culture were extracted first from a gel following the manufacturer's instruction before cell lysis. The lysis buffer for 3D culture contains 1% sodium dodecyl sulfate (SDS), 50 mM Tris-HCl, 5 mM EDTA, and protease inhibitors, while 2D culture samples were lysed with 1 · extraction buffer of HSP70 EIA kit (Assay Designs, Ann Arbor, MI) supplemented with protease inhibitors. Cell lysate of 3D culture was briefly sonicated. The cell lysate was then centrifuged at 21,000 g for 10 min at 4°C and the supernatant was collected for Western blot or ELISA. The total protein concentration was determined by the Bio-Rad protein assay kit. 10% Tris-HCl Ready Gel and polyvinylidene fluoride membranes (Bio-Rad Laboratories) were used. The primary antibodies were monoclonal mouse anti-human HSP27 (Assay Designs), HSC70&HSP70, HSP90 (Santa Cruz Biotechnology, Santa Cruz, CA), and actin (Millipore, Billerica, MA). The secondary antibody was horseradish peroxidase-conjugated goat anti-mouse IgG (Assay Designs). The Tetramethylbenzidine substrate kit (Vector Laboratories, Burlingame, CA) was used to visualize the protein bands. Membranes were dried and scanned into digital images. Protein bands were analyzed quantitatively using Quantity One software (Bio-Rad Laboratories). The HSP expression was presented as a ratio of total intensity of HSPs normalized by that of actin after global background subtraction to equalize the total protein loading for each sample.
The concentrated protein samples of 2D culture were also used for inducible HSP70 measurement. The 3D protein samples collected were buffer-exchanged using both Amicon Ultra-4 and Ultra-0.5 Centrifugal Filter columns (Millipore) so that SDS concentrations in the final lysate would be compatible with the commercial HSP70 EIA kit. HSP70 ELISA was performed following the manufacturer's instruction. HSP70 expression in ng/mg was presented as a ratio of the HSP70 concentration normalized by the total protein concentration of the same sample.
Statistical analysis
All values are expressed as mean -standard deviation (SD) and analyzed statistically using a two-tailed Student's t-test. The level of significance was set at p < 0.05.
Results
Expression of surface markers in isolated hMSCs
In Figure 1 , flow cytometric analysis shows that passage 4 of isolated hMSCs was over 80% positive for surface markers of CD44 (hyaluronan receptor), CD29 (integrin b1), and CD147 (extracellular matrix [ECM] metalloproteinase inducer), slightly positive for CD146 (melanoma cell adhesion molecule), and more than 90% negative for CD45 (leukocyte common antigen) and CD34 (lipopolysaccharide receptor). CD34 and CD45 are surface markers of the hematopoietic lineage, and CD146 is the surface marker of the endothelial cell lineage, an epitope suggested as a biomarker for MSCs.
Morphological changes during differentiation of hMSCs hMSCs underwent a dramatic morphology change with the osteogenic (OS) medium, while obvious cell proliferation was only observed in undifferentiated (Ctrl) hMSCs. Figure 2 shows phase-contrast images of different culture conditions on day 7, 14, and 21 during differentiation. In 2D Ctrl culture, hMSCs were spindle-shaped with better alignment when cell numbers increased. For 3D Ctrl culture on 0.25% PuraMatrix, hMSCs remained in fibroblast-like morphology and migrated inside PuraMatrix. In OS 2D culture, abundant secretions of ECM and small nodular aggregates were detected on day 14 and 21, respectively. In contrast, small cell aggregates were formed in OS 3D PuraMatrix culture on day 7, and their sizes increased in day 14 and 21 cultures along with dark regions of mineral confirmed by von Kossa staining of mineral deposits on day 24 shown as black nodules in Figure 3 . No mineral was detected in 2D Ctrl culture. However, in 3D Ctrl culture, there was mineral staining, but much less intensive compared with OS 3D culture.
Surface morphology of hMSCs on PuraMatrix and localization of calcium deposition Figure 4 includes SEM images revealing detailed surface morphology of hMSCs on PuraMatrix and cell-hydrogel interactions. Figure 4A and B are SEM images from goldcoated samples. Undifferentiated hMSCs remained as fibroblast-like (Fig. 4A) , while differentiated hMSCs formed aggregates (Fig. 4B) . The network composed of cell protrusions into PuraMatrix nanofibers was observed in both growth and differentiation conditions. The inset picture in Figure 4C is an SEM image of a carbon-coated hMSC sample in the growth condition. Calcium X-ray spectrum of the same specimen showed that there was no significant amount of calcium deposition in the hMSC growth culture on PuraMatrix (Fig. 4C) . As a contrast, mineralization sites were largely detected and distributed in and around differentiated hMSCs with variant density and calcium intensity shown by the calcium X-ray intensity map (Fig. 4D) . The inset picture in Figure 4E is the SEM image of the same specimen used to obtain Figure 4D . In particular, a crystal structure was located under a high magnification of SEM shown in Figure 4F , which is a zoom-in SEM image of areas around the small red circle in the inset of Figure 4E . The high peak of calcium at the corresponding location in the calcium X-ray spectrum (Fig. 4E) confirmed that the crystal structure indicated by the red circle in Figure 4F was made of calcium.
ALP activity
ALP activity is one marker of early stage osteogenic (OS) differentiation. The significant increase of ALP activities by
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HS was observed on day 6 in 2D OS culture, while there was no significant ALP increase comparing between HS and non-HS 2D OS conditions on day 12 (Fig. 5A) . In 3D PuraMatrix culture, the HS effect was less significant on the increase of ALP activities on day 6. Interestingly, HS significantly reduced ALP activities on day 12 in 3D OS culture (Fig. 5B) . The 1-h heat exposure at 41°C resulted in a 1.24-fold increase of ALP activities in 2D OS culture and 1.35-fold in 3D OS hydrogel culture on day 6.
Enhanced mineralization by HS
Calcium deposition was used as an indicator of late stage osteogenesis and maturation of osteoblasts differentiated from MSCs. As shown in Figure 6 , periodic HS at 41°C significantly enhanced the mineralization in 2D OS culture on day 19 and 3D OS PuraMatrix culture on day 19 and 27, while the enhancement effect of HS was less remarkable in 2D OS culture on day 27. Calcium deposition was increased by 1.64-fold and 1.49-fold in heat shocked osteogenic samples compared to nonheat shocked osteogenic ones in 2D culture and 3D culture, respectively, on day 19 and 1.34-fold in 3D culture on day 27.
Dynamic expression of osteo-specific genes
Gene expression of osteogenic lineage was assessed by realtime RT-PCR on day 11, 19, and 25 during differentiation. Figure 7 shows that in 2D culture, osteogenic genes BMP2, OP, Runx2, OSX were all upregulated in osteogenic samples compared to 2D control samples at growth conditions. Furthermore, the expression levels of these osteo-specific genes were increased in the late differentiation stage compared with the early stage, which indicated the progression of MSC osteogenesis in 2D culture. HS further enhanced the expression of OSX on day 11, OP on day 19, BMP2 and Runx2 on day 25. BMP2 and Runx2 were downregulated by HS in 2D culture on both day 11 and day 19. Figure 8 shows the real-time RT-PCR results of four genes in 3D PuraMatrix culture. BMP2, Runx2, and OP had the similar gene expression patterns as that of 2D culture under the periodic thermal stimulation. However, the OSX gene had an opposite expression pattern under thermal stimulation in 3D PuraMatrix culture compared to the 2D culture. Interestingly, for 3D PuraMatrix culture, the osteogenic medium did not induce the upregulation of four genes except for Runx2.
Expression of HSPs
The expression of HSPs (HSP27, HSC70 + HSP70, and HSP90) was investigated at 24 h after HS on day 4, 11, 18, and 25 during differentiation. in osteogenic (OS) samples compared with undifferentiated control (Ctrl) samples, while there was no significant increase of HSP27 in heat shocked osteogenic (HS) samples compared with OS samples in both 2D and 3D cultures. In contrast, the expression of HSC70 + HSP70 was significantly downregulated in OS samples compared with Ctrl samples, but HS significantly increased its expression in HS samples compared to OS samples in 2D culture. For HSP90 expression, upregulation was observed in OS samples compared to Ctrl samples and downregulation in HS samples compared with OS samples in 2D culture with the only significance on day 4. In general, the HSP expression levels in 3D PuraMatrix culture were lower compared with 2D culture, and too low to be detected using Western blot except for HSP27 on day 11 and beyond. The expression patterns of individual HSPs in different conditions (Ctrl, OS, HS) on one sample collection day and their corresponding Western blot membranes were displayed in Figure 9 . In 2D culture, HSP27 expression was much higher than HSC70 + HSP70 or HSP90. The expression pattern of inducible HSP70 measured by ELISA was similar to that of HSC70 + HSP70 (constitutive + inducible), and inducible HSP70 expression in 3D culture was also significantly lower compared with 2D culture shown in Figure 10 .
Conclusion and Discussion
In this study, effects of periodic HS (41°C once a week for 1 h) on hMSC osteogenic differentiation were investigated in both 2D conventional culture and 3D PuraMatrix (peptide hydrogel) culture. In-house isolated hMSCs in the osteogenic medium formed mineralized aggregates in 2D culture plates and 3D peptide hydrogels (Figs. 2 and 3) . Largely distributed calcium deposits were detected in differentiated hMSCs on PuraMatrix (Fig. 4) . Meanwhile, mild HS was able to significantly facilitate the early osteogenic differentiation indicated by the ALP activity (Fig. 5) and enhance the maturity of differentiated osteoblasts in the late stage shown by the calcium deposition in both 2D and 3D cultures (Fig. 6 ). In addition, thermal effects on osteo-specific genes were highly dynamic with a pattern of downregulated gene expression of BMP2, Runx2, and OP in the early stage of osteogenic differentiation, but upregulation of these genes in the late stage in both 2D and 3D cultures. Overall, our results demonstrate that periodic mild HS can be a potential simple approach to enhance hMSC differentiation into osteoblasts and promote earlier differentiation, and thus may have a significant impact on future in vivo applications.
Our results of enhanced ALP activities in the early osteogenic differentiation and calcium deposition by periodic HS at 41°C for 1 h in both 2D and 3D cultures are consistent with an early study of HS effects on hMSC osteogenic differentiation in 2D culture. 21 In that study, Shui et al. showed that both ALP activities and calcium deposition in differentiated hMSCs linearly increased with temperatures ranging from 33°C to 41°C after multiple 1-h heat exposure once every 3 days up to 21 days. HS seems to speed up the differentiation process by shifting the peak of ALP activities much earlier than normal. ALP expression is a dynamic process and its activity usually peaks between day 9 and 12 during osteogenesis, varying from donor to donor. 39 The decrease of ALP activities in 2D and 3D cultures on day 12 may be an indicator of the shifting of the ALP peak time. HS also induced an earlier mineralization in differentiated hMSCs and further enhanced the maturation of osteoblasts in the late stage. This earlier maturation may have significance for bone regeneration in vivo, as it will shorten the waiting time required to obtain differentiated and mature osteoblasts from hMSCs, which normally takes about 30 days for in vitro differentiation, for clinical bone repair using stem cell therapy.
Effects of mild hyperthermia on osteogenic gene expression during hMSC differentiation were not well studied. Cbfa1/Runx2 is an essential transcription factor for osteoblastic differentiation. 42 OSX is a downstream gene of Runx2, 43 and a necessary transcription factor for OP expression. 42, 44 OP is an ECM protein that mediates cell attachment in osteoprogenitor cells and osteocytes, 45 and considered as a late bone marker for osteoblast differentiation and mineralization. 42 BMP2 plays an important role in embryonic bone development. 46 We observed that HS dynamically upregulated these osteogenic genes in a timedependent manner during about 4 weeks of hMSC osteogenesis. In 2D hard surface culture, it seems that HS could upregulate late osteogenic genes much faster than the early ones (Fig. 7) , demonstrated by upregulation of the OSX gene at an early stage (day 11), OP at the intermediate stage (day 19), but BMP2 and Runx2 at the late stage (day 25) only. Considering the gene expression pattern under HS, upregulating of late osteogenic genes and depressing the early ones during early to intermediate osteogenic differentiation stages, together with our data of enhanced early ALP activities and calcium deposition, we can speculate that HS may bypass some early osteo-specific genes, but turn on a few late osteo-specific genes directly. Since the basal production of ECM is likely regulated by Runx2 47 and BMP2 expression may be required for terminal differentiation into osteocytes, the upregulation of these two genes by HS in the late stage of hMSC osteogenesis is consistent with the results of enhanced mineralization in differentiated hMSC culture under thermal stimulation.
In 3D PuraMatrix culture, the up/downregulation patterns of four genes (i.e., BMP2, Runx2, OP, and OSX) comparing between osteogenic and osteogenic & heat-shock conditions were similar to that of 2D culture. Interestingly, BMP2, OP, and OSX were not upregulated in differentiated hMSCs comparing to the control (Fig. 8) despite the definite hMSC differentiation confirmed by cell morphology (Fig. 2) , ALP activities (Fig. 5B) , and calcium deposition (Fig. 6B ). Other osteo-specific genes must be turned on in this case. DNA microarray technology could be used to identify those genes. On the other hand, the lower expression of four osteogenic genes in 3D soft PuraMatrix culture are consistent with the delay of differentiation reflected by lower ALP activities or calcium deposition in 3D culture compared with 
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2D (Figs. 5 and 6 ). The hard polystyrene surface of 2D culture plates (Young's modulus of 3.5 GPa) is much stiffer than the soft substrate, 0.25% PuraMatrix (storage modulus of 2.5 kPa at 0.5%). In general, matrix elasticity, or the stiffness of the substrate could significantly affect the stem cell differentiation directions. 48 Apparently, the 3D soft hydrogel seemed to delay the hMSC osteogenesis compared to tissue culture plates, while the hard surface of 2D culture plate itself actually facilitates osteogenesis. 48 This may be one of reasons that the heat-induced higher calcium deposition was still very significant in 3D culture even on day 27, but not very significant in 2D culture (Fig. 6 ). HS may have forced hMSCs in the osteogenic medium on soft hydrogel more toward osteo-lineage. In addition, the 3D culture environment enables intercellular contacts from different layers. Whether or not the 3D culture configuration itself To further study the mechanisms in the HS-enhanced osteogenic differentiation of hMSCs, HSP expression, including HSP27, HSC70 + HSP70, HSP70 alone, and HSP90, was investigated. HSPs are chaperon proteins, which are upregulated in response to stresses. HSP27 is a multifunctional protein with a molecular weight of 27 kDa. It is an important regulator in almost all cellular processes, such as migration, proliferation, differentiation, and apoptosis due to its close association with actin. HSP27 overexpression during different stages of cell differentiation and development was reported. 49 In this study, the significantly increased HSP27 expression in differentiated cells (Fig. 9A, D) may be due to cytoskeleton reorganization during differentiation, resulting in the morphological changes of differentiated cells. Despite this, exposure of differentiated hMSCs to HS did not further stimulate the expression of HSP27, which is consistent with no observable morphological differences between heated & differentiated hMSCs and nonheated ones. However, the subtle change of phosphorylated HSP27 needs to be studied in the future. HSP70 (MW: 70 kDa) have two types, constitutive HSC70 and inducible HSP70. 50 HSP90 also has two isoforms, inducible form HSP90a and constitutive form HSP90b, and the level of expression is usually lower in the former than the latter. Both HSC70/HSP70 and HSP90 are involved in various cell processes, such as proliferation, differentiation, and apoptosis, 50, 51 by correcting misfolded proteins under stresses or helping to fold newly synthesized proteins during normal physiological conditions. The reduced expression of HSP70 in differentiated hMSCs (Fig. 9B ) may be a result of extremely low cell proliferation during differentiation. Mild hyperthermia increased biochemical reaction rates in hMSCs, which induced overexpression of HSC70 and HSP70 in differentiated plus heat shocked hMSCs. The elevated HSP70 expression was also reported in a previous study using hMSC 2D culture and hyperthermia. 21 In contrast, HSP90 was upregulated in differentiated cells compared to undifferentiated cells, and HS downregulated its expression (Fig.  9C ), but significance was only seen in the early stage of differentiation. The mechanisms remained unclear, but studies on different lineage also confirmed the importance of HSP90b overexpression from early to late stage of germ cell differentiation and also for early embryonic development. 52, 53 Both HSP70 and 90 are molecular chaperones, but it seems that they modulate cell differentiation through their own and maybe different signaling pathways. There was no similar study reporting the HSP90 expression in differentiated hMSCs toward bone lineage with HS. The underlying mechanisms of its downregulation remain unclear. The upregulation of HSP90 may not be a must-need to sustain an enhanced differentiation due to the fact that HSP70 is upregulated. Further experiments will be required to find out what specific roles it plays. In 3D PuraMatrix culture, the expression of three HSPs was significantly lower, which may be correlated with the less stresses cells experienced on the peptide hydrogel during growth or differentiation.
In summary, this is the first comprehensive study of HS effects on hMSC differentiation into osteoblasts in a 3D hydrogel scaffold. Our results showed that periodically mild HS was able to facilitate MSC differentiation into osteoblasts and enhance their maturity. In addition, this study provided a 3D MSC culture model in vitro to mimic an in vivo environment surrounding bone marrow. Altogether, our data may have a significant impact on the development of a therapeutic thermal treatment protocol to enhance stem cell differentiation during cell transplantation. For bone regeneration in vivo, differentiated osteoblasts from hMSCs can be transplanted into bone defects, by injection using PuraMatrix as a carrying medium coupled with a heating device developed according to the results of this study. Future studies will use siRNAs/shRNAs targeting HSP70 and HSP90 to investigate the role of HSPs during hMSC differentiation with or without HS. Other heating patterns and temperatures (e.g., 39°C, known as the elevated body temperature during exercise 38 ) will be evaluated in further studies to optimize the heating protocol for hMSC differentiation. Other biomaterials with different stiffness for bone and cartilage regeneration will be evaluated in the future using the similar experimental protocol described in this study. Given the fact that OA greatly affects the elderly people, and it requires regeneration of both bone and cartilage at late stage, hyperthermia (via ultrasound and microwaves etc.) may represent a less invasive and simple therapy for clinical joint repair, and thus potentially be a promising approach in bone and cartilage regenerative medicine. . In panel (A), *p < 0.05(OS culture compared to the corresponding Ctrl culture on the same day), **p < 0.05(HS culture compared to the corresponding OS culture on the same day), ***p < 0.05(day 11 Ctrl culture compared to day 4 Ctrl culture), ****p < 0.05(day 18 Ctrl culture compared to day 11 Ctrl culture). In panel (B), *p < 0.05 (The corresponding conditions (Ctrl, OS, HS) compared between day 18 and day 11). Color images available online at www.liebertpub.com/tea
